Glass materials have found various applications owing to their low cost, free of grain boundaries and open topological network to accommodate various active species. We have fabricated a ternary glass of Al 2 O 3 -MoO 3 -TeO 2 (AlMoTe) and investigated potential applications in lithium-ion batteries (LIBs). we have found that the incorporation of a certain amount of Al 2 O 3 into 40TeO 2 -60MoO 3 (MT-60) glass can lead to a significant enhancement in the cycling performance and specific capacity of LIBs. Specifically, when used as anode for LIBs, the capacity of MT-60 reached 112.5 mAh g À1 after 500 cycles at a current density of 1 A g À1 . In contrast, the capacity can be increased up to 253.9 mAh g À1 at the same current density when 7 mol% Al 2 O 3 was doped in the MT glass (AlMoTe-7). Raman spectroscopy and x-ray photoelectron spectroscopy were employed to analyze the changes in the glass network upon the incorporation of Al 2 O 3 . Based on the structural analyses, we believe that the Al 2 O 3 doping significantly influenced the activity of Mo that participated in the redox reaction, consequently increasing the Li + ions diffusion coefficient and electron conductivity. Furthermore, the Li + ions storage mechanism of LIBs based on TeO 2 -MoO 3 glasses was investigated by examining the pseudocapacitive properties of the batteries. Our work suggests that inorganic glass materials could play an important role in LIBs anode materials upon appropriate structural design.
INTRODUCTION
Research on lithium-ion batteries (LIBs) has drawn increasing attention since the 1990s because of their wide applications in the field of portable energy storage devices. The electrode materials (cathode and anode) of LIBs determine their specific capacity and cycling performance; therefore, development of advanced electrode materials for highperformance LIBs is the key to meeting the requirements of high-power electrical apparatus such as electric vehicles. 1 Until now, most research on anode materials for LIBs has focused on crystalline materials, such as carbon-based materials, 2 siliconbased materials, 3 transition metal oxides, 4 and other transition metal compounds (sulfidation, 5 selenization, 6 phosphating 7 ), because they usually give rise to a high capacity and density, distinct crystalline structure and Li storage mechanism. However, these materials suffer from serious volume expansion and poor cycle stability, especially at high current density. 8 The repeated insertion/extraction of Li + ions in the electrode materials during discharge/charge processes will inevitably lead to the destruction of the crystal structure and even pulverization, eventually resulting in the degradation of the electrochemical performance of the batteries. The degradation process is more serious at higher current densities. Therefore, searching for appropriate electrode materials exhibiting stable structure, long-term stability and superior rate capability is in high demand.
In comparison to crystalline materials, amorphous media (also known as glasses) possess an open network structure and are free of grain boundaries. 9, 10 Thus, a high stability in the material structure can be anticipated in electrode materials made of glass because no re-arrangement of the chemical constituents occurs during the insertion/ extraction process. As a result, the issue of volume expansion during discharge/charge processes is expected to be solved by utilizing glass-based anode materials giving rise to a stable cycling performance. The open network structure is beneficial to improving the rate capability and increasing the active sites of Li + ions, thus leading to fast diffusivity of the ions in solid electrodes and eventually acquiring a high capacity. Furthermore, the metastable state of glass has a higher internal energy than crystals, making glass easier to have redox reactions with Li + ions in the battery. Therefore, glass materials can serve as potential electrode candidates for LIBs. Up to now, glass materials that have already been considered in LIBs are usually oxides, such as SnO-P 2 O 5 , 9 V 2 O 5 -P 2 O 5 11 and F 2 O 3 -P 2 O 5 , 12 in which multiple oxidation states exist (e.g., Sn 2+ and Sn 4+ , Fe 2+ and Fe 3+ ). Therefore, Li + ions can be stored in glass materials by redox reaction during discharge/charge cycles. Because of the existence of multiple oxidation states, metal oxide glass materials always exhibit a high initial capacity. However, various valence states also bring about complicated redox reactions with Li + ions, which results in an indeterminate Li + ion storage mechanism. Up to now, the Li + ion storage mechanism of glass electrodes needs to be further clarified. Yamaguchi et al. 9 observed the formation of metallic tin after charging and discharging in a So-P 2 O 5 system by x-ray diffraction (XRD) and highresolution transmission electron microscopy (HRTEM), and the composite structure was formed by embedding tin nanocrystals into an amorphous lithium phosphate matrix, which exhibited a better cycling performance than that of commercial graphite. Xia et al. 1 measured the valence change of Mo in a MoO 3 -P 2 O 5 system during the discharge/charge processes by ex situ x-ray photoelectron spectroscopy (XPS). The first discharge process generated Mo 4+ , Mo 5+ and Mo 6+ , while the subsequent discharge/charge processes were based only on the transformation of Mo 5+ , Mo 6+ , and Li 2 MoO 4 , which is determined by ex situ XRD. Much progress has been made in the study of glass materials for LIBs; however, capacity improvement and stable cycling performance are still challenging tasks for glass used in LIBs.
Recently, we have reported on the application of a binary V 2 O 5 -TeO 2 (VT) glass system as anode material for LIBs and achieved a long-term stability. 13 In VT glass, TeO 2 acts as the glass former, which mainly exists as TeO 4 units in the glass. The Te-O-Te bond in TeO 4 is easily interrupted by the addition of non-metal oxides and  transition metal oxides to form new structural  units, such as the TeO 3 and TeO 3+1 . 14 It was found that LiVO 3 and Li 3 VO 4 nanocrystals were formed in the glass matrix during discharge/charge processes. It was further revealed that these two kinds of nanocrystals were transformed in the glass matrix during discharge/charge processes. The synergistic effect of the nanocrystals and glass matrix is a crucial factor to increase the cycling performance. 13 Despite the impressive stability, one noticeable issue existing in VT glass is that the V 2 O 5 is a highly toxic and not beneficial to large-scale applications. Therefore, searching for non-toxic materials to fabricate glass anodes is of importance to develop environmentally friendly energy-supplying sources.
In this work, we have investigated the potential of MoO 3 -TeO 2 (MT) glass systems as anodes for LIBs. We consider MoO 3 as a substitute for V 2 O 5 because of, but not limited to, three factors. Firstly, MoO 3 has low toxicity in comparison to V 2 O 5 . Secondly, Mo ions can also exist in multivalent states. Thirdly, the TeO 2 -MoO 3 glass system has a high electronic conductivity. 15 We experimentally found that a certain amount of Al 2 O 3 doping in MT glass can significantly improve the electronic conductivity and the Li + ions diffusion coefficient. As a result, the AlMoTe glass anode exhibits an enhanced capacity, excellent cycling performance, and superior rate capability. At a current density of 1 A g À1 , the capacity of AlMoTe glass electrodes maintains 290.7 mAh g À1 after 1000 cycles, which is much higher than that exhibited by MT glass anodes. Even at a higher current density of 5 A g À1 , the capacity still reaches 130.5 mAh g À1 after 1000 cycles. The changes of the glass structure and valance state of the chemical elements during discharge/charge processes were analyzed based on Raman spectroscopy and XPS techniques. The analyses indicate that Al 2 O 3 doping in MT glass makes Mo participate more in the redox reaction with Li + , which is responsible for the enhanced capacity of LIBs.
EXPERIMENTAL

Preparation of Glass Materials
All the reagents used in this work are AR grades. , where x is 0, 1, 3, 5, 7, 10 and 12. The corresponding glass samples were labeled as MT-60, AlMoTe-1, AlMoTe-3, AlMoTe-5, AlMoTe-7, AlMoTe-10, and AlMoTe-12, respectively. All the reagents were hand-mixed homogeneously in an alumina mortar and then loaded into an alumina crucible, followed by heat treatment at 850°C for 30 min. Then, the molten sample was poured onto a brass plate. The asformed glass samples were annealed at 340°C for 3 h to release the thermal stress.
Materials Characterization
XRD analysis was performed by Bruker D8 (CuKa radiation, k = 1.5418 Å ) to obtain XRD patterns ranging from 10°to 70°(2h). The glass samples were analyzed using a differential scanning calorimeter (DSC) (Netszch Jupiter STA 449F3; Selb, Germany) at a rate of 20 k min À1 under a nitrogen atmosphere. XPS (ESCALABXi+, Al Ka) was used to analyze the valence changes of the chemical elements in the glass samples before and after the discharge/charge cycles. Raman spectra were performed on a Raman microscope (LabRam HR Evolution) ranging from 100 to 1200 cm À1 by using an excitation source at 532 nm. The morphologies of the samples were examined on a field-emission scanning electron microscope (JSM-7600F) and a transmission electron microscope (TEM; JEOL JEM-1400F).
Electrochemical Measurements
The working electrodes were prepared by mixing 70 wt% glass powder (active materials), 20 wt% acetylene black and 10 wt% polyvinylidene fluoride in N-methylpyrrolidone with ball milling to form a slurry, which was uniformly coated on a copper foil and dried in a vacuum oven at 110°C for 24 h. The loading density of the active material on the working electrode was about 1.4-1.8 mg cm À2 . A Celgard 2400 microporous polypropylene membrane was used as a separator between the working electrode and the counter electrode (Li sheet). The electrolyte consisted of a solution of 1 M LiPF 6 in an ethylene carbonate/dimethyl carbonate/diethyl carbonate (1:1:1 v/v/v). The battery was assembled as a cointype cell (CR2032) in an argon-filled glove box (Mikrouna super 1220). Cyclic voltammetry (CV) curves were tested on an electrochemical workstation (CHI 760E) at a sweep rate of 0.1-0.9 mV S À1 . Galvanostatic discharge/charge cycles were measured on a Land battery test system (CT2001A) at different current densities in the same voltage range (0.01-3.0 V). Electrochemical impedance spectroscopy (EIS) was measured on an electrochemical workstation (PARSTAT 3000A; Princeton, USA) over a frequency range of 100 kHz-0.01 Hz. Figure 1a shows the XRD patterns of the glass samples with different compositions. All the samples exhibit three sharp diffraction peaks located at 38.5°, 44.9°and 65.2°, which can be indexed to the aluminum plate used to support the glass powders. In addition to the diffraction peaks of aluminum, only a typical broad humped band can be observed, confirming that the glasses are amorphous structures. Figure 1b shows the DSC curves of the MT-60 and AlMoTe glasses. The glass transition temperature (T g ) and crystallization temperature (T c ) are important parameters of glass materials, which can be derived from DSC curves. It is found that the value of T g gradually increases from 340 to 352°C as the content of Al 2 O 3 increases from 0 to 12 mol%. The average single bond enthalpy (E B ), which is associated with the values of T g , can be estimated in accordance with the following equation for the AlMoTe glass samples:
RESULTS AND DISCUSSION
Here, the structure stable during the repeated insertion/extraction processes of Li + ions, even at high current densities.
In accordance with the Dietzel equation, 19 the difference between T c and T g , i.e.:
could be used to evaluate the crystallization tendency of glass materials. A value of DT higher than 100°C indicates that the glasses have high thermal stability against crystallization. 1 In the AlMoTe glass system, the value of DT increases from 114°C to 160°C when increasing the Al 2 O 3 content from 0 to 12 mol%. Thus, the incorporation of Al 2 O 3 can effectively restrain the crystallization tendency of the MT glass, which is very important to improve the electrochemical performance of LIBs. In our recent report, nanocrystals can be formed in glasses during discharge/charge processes, which were suggested to improve the cycling performance of the batteries. 13 On the other hand, the nanocrystals were formed at the expense of Li consumption, which will cause a large irreversible capacity and capacity loss. Therefore, the amount of nanocrystals has to be restrained. In this work, it shows that the doping of Al 2 O 3 can restrain the occurrence of nanocrystallization in the glass matrix to some extent, thus avoiding irreversible capacity losses and meanwhile benefiting from a superior cycle stability.
Raman spectra and XPS measurements were carried out to investigate the structural properties of the glasses. Figure 2a shows the Raman spectra of the MT-60 glass and the AlMoTe-7 glass. The first shoulder at 106 cm À1 is due to the longitudinal optical mode vibrations of TeO 4 units surrounding the bridging oxygen. 20 The broad band ranging from 300 cm À1 to 550 cm À1 can be ascribed to symmetric vibrations of Te-O-Te and O-Te-O linkages. 21 It is found that the Al 2 O 3 doping enhances the intensity of the broad band in the range of 300-500 cm À1 . The reason for this phenomenon may be Al 2 O 3 doping causing the formation of Te-O-Al and Al-O-Al bonds in the glass network. The bond strength of these two bonds is greater than that of Te-O-Te and O-Te-O bonds. 18 The Raman curve of AlMoTe-7 glass in the range of 600-1000 cm À1 is fitted with seven peaks (marked as A-G) that are located at 647 cm À1 , 690 cm À1 , 740 cm À1 , 792 cm À1 , 846 cm À1 , 893 cm À1 and 956 cm À1 , respectively, [22] [23] [24] [25] [26] as shown in Fig. 2b and summarized in Table I . It is noteworthy to mention that the peak located at 846 cm À1 can be ascribed to the vibrations of O-Al-O in AlO 4 units which include three bridging and one non-bridging oxygen atoms. 27 The XPS survey spectrum in Fig. 2c indicates the presence of Te, Mo, Al and O from the glass sample, as well as C from Ref.
[ 28 ] The binding energy peak centered at 575.7 eV with FWHM of 1.5 eV represents the XPS spectrum of Te 3d 5/2 , as shown in Fig. 2d . According to previous reports, [29] [30] [31] the Te 3d 5/2 spectrum can be fitted with three structural units, TeO 4 (577.5 eV), TeO 3 (576.0 eV) and TeO 3+1 (574.5 eV), while that of pure MT glass only consists of TeO 4 trigonal bipyramids. In tellurite glasses, the addition of glass network modifiers can reduce the content of the Te-O-Te bridge and TeO 4 units, and the network structure of the glass will experience a gradual transition from TeO 4 to TeO 3+1 and TeO 3 . 26, 29 The formed TeO 3+1 has a polyhedral shape and the TeO 3 is a trigonal pyramid. As the content of the glass network modifier increases, TeO 3+1 is continuously converted into TeO 3 . Therefore, the TeO 3 unit will become dominant in the AlMoTe glass network as the content of Al 2 O 3 increases to some extent, which is consistent with the results derived from the Raman spectroscopy. Figure 2e shows the spectrum of Mo 3d 5/2 and Mo 3d 3/2 . Two binding energy peaks can be found at 232.3 eV and 235.4 eV, which suggests that Mo exists as Mo 6+ in the AlMoTe glass. Figure 2f shows the binding energy peak of Al 2p which is located at 73.8 eV and can be fitted with two sub-peaks, located at 73.6 and 74.2 eV, indicating the presence of AlO 4 and AlO 6 units, respectively. Figure 3a shows the cycle performance of the differently proportioned glass materials at a current density of 1 A g À1 . All the glass materials exhibit a long-term stable performance. The specific capacities of MT-60 and AlMoTe-1-AlMoTe-12 are 112.5 mAh g À1 , 206.7 mAh g À1 , 212.2 mAh g À1 , 229.6 mAh g À1 , 253.9 mAh g À1 , 181.1 mAh g À1 , and 97.2 mAh g À1 , respectively, after 500 cycles at a current density of 1 A g À1 . Therefore, the optimal doping concentration of Al 2 O 3 is 7 mol% to achieve a maximum specific capacity. It is also found that the specific capacities of different ratio samples increases with the content of Al 2 O 3 increasing, until the ratio of Al 2 O 3 reaches 7 mol%; however, the capacities decrease with the ratio of increasing Al 2 O 3 . Figure 3b shows the discharge/charge curves of the AlMoTe-7 glass of the 1st, 200th, 400th, 600th, 800th, and 1000th cycles at a current density of 1 A g À1 with a voltage range of 0.01-3.0 V. The Coulombic efficiency of the first cycle is only 19.55%, and this low Coulombic efficiency in the first cycle is due to the fact that a large amount of Li is trapped in the glass structure and consequently nanocrystals are formed in the glass matrix. Furthermore, the formation of a solid electrolyte interface (SEI) on the surface of electrode materials also consumed Li. 32, 33 The Coulombic efficiency can be stabilized above 98% after 50 cycles. Figure 3c is the rate capability of the AlMoTe-7 glass material at current densities ranging from 0.5 to 5 A g À1 . The AlMoTe-7 glass electrode material shows an average discharge capacity of 316 mAh g À1 at 0.5 A g À1 , 220 mAh g À1 at 1 A g À1 , 126 mAh g À1 at 2 A g À1 and 66 mAh g À1 at 5 A g À1 . The discharge capacity gradually decreases with increasing the current density. Furthermore, the capacity returned when the current density went back to 1 A g À1 at beyond 300 mAh g À1 , close to the initial value. This demonstrates that the AlMoTe-7 glass has an excellent capability performance especially at high current density. As shown in Fig. 3d , the capacity of AlMoTe-7 glass showed a ''decrease-increase-decrease-increase'' fluctuation in the initial 200 cycles and reached a capacity of 242 mAh g À1 after 300 cycles at a current density of 1 A g À1 . The capacity can gradually increase and remain at 290.7 mAh g À1 after 1000 cycles. The initial fading of the stage capacity is often due to the formation of SEI film. For LIB anode materials, SEI usually forms on the surface of the electrode materials during the initial stage of discharge/charge processes. 34, 35 After the formation of stable SEI, the battery capacity tends to increase, and when the capacity rises to a maximum value, the capacity decay will reappear. At this time, the capacity fading may be related to the formation of nanocrystals (see supplementary Fig. S1 ). The formation of nanocrystals consumes some Li, which causes an irreversible capacity increase in the battery. It is also observed by XRD that Te and Li 2 MoO 4 nanocrystals began to appear after 170 cycles (see supplementary Fig. S2a ). Our previous work also found that the formation of nanocrystals in glass during discharge/charge processes is mainly concentrated within the first 100-200 cycles, and then this tendency tends to be slow. 13 The formation of a large number of nanocrystals in glass networks will increase the performance of the electrode material, and thus the battery capacity will increase again. After that, the structure of the electrode material tends to be stable, and the capacity of the battery is also kept stable. Ex situ XRD after 310 and 550 cycles showed that the composition of the electrode material remained unchanged. The trend of EIS is also gradually decreasing, indicating that the performance of the electrode material is stable with the discharge/charge processes (see supplementary Fig. S2b) . At a higher current density of 5 A g À1 , the capacity can still reach 130.5 mAh g À1 after 1000 cycles, indicating that the AlMoTe-7 glass material has superior rate capability and stable cycling performance. The morphologies of AlMoTe-7 glass were examined by scanning electron microscopy (SEM) and TEM to investigate the morphological changes of the sample that possibly occur with the discharge/ charge processes. The particle size of the glass samples used for anodes is about a dozen (even dozens of) micrometers and its morphology is irregular (Fig. 4a) . The surface of the glass particles is flat and smooth, and this structure characteristic can also be observed in the SEM images ( Fig. 4a and  b) . After 500 cycles, granule pulverization can be clearly observed, which is believed to result from the Li + ion insertion/extraction processes. Micro-scaled particles almost disappeared and decomposed into irregular tiny particles after 500 cycles at 1 A g À1 (Fig. 4d) . A porous structure is formed on the surface of the glass particles, which is caused by Li + ion insertion/extraction repeated during the discharge/charge processes (Fig. 4c ). This phenomenon was also observed in the TEM image ( Fig. 4f) . Thus, the original dense glass particles become loose and porous after 500 cycles. This structural change can result in capacity fading in the initial cycle stage, but it facilitates the Li + ions entry into the inner bulk materials, allowing the capacity to increase in subsequent cycles. This is why the battery capacity initially decays, then increases, and finally stabilizes in long-term cycles. Moreover, the SEI layers are found on the surface of some of the glass particles (Fig. 4g) , which is beneficial to stabilize the structure of the electrode and increase the Li + ions diffusion rate in anode materials. Figure 4h shows the selected area electron diffraction (SAED) pattern of AlMoTe-7 after 500 cycles. The corresponding SAED diagram shows the crystal face diffraction ring indexed to (201), (112) and (103) of the metal Te. This result indicates that metal Te is generated in the redox reaction of the negative electrode.
XPS tests were performed to examine the changes in the valence and structure before and after the discharge/charge processes. Figure 5a shows the survey spectrum of the AlMoTe-7 glass anode after Fig. 3. (a) Cycling performance of different components at a current density of 1 A g À1 , (b) discharge/charge curves for AlMoTe-7 at the 1st, 200th, 400th, 600th, 800th and 1000th cycles at a current density of 1 A g À1 , (c) rate capability of an AlMoTe-7 glass electrode at different current densities, (d) cycling stability of AlMoTe-7 at current densities of 1 A g À1 and 5 A g À1 . 500 cycles. There is no difference observed in the chemical composition in comparison to the sample before cycling (Fig. 2c) . Figure 5b shows the Te 3d 5/ 2 spectrum after 500 cycles. In addition to the characteristic peaks of TeO 4 (577.5 eV), TeO 3 (576.4 eV) and TeO 3+1 (574.5 eV), a new broad peak at 573.0 eV appeared after the discharge/charge processes. This broad peak can be assigned to metallic Te by checking the XPS database and a previous report. 36 Therefore, Te was precipitated in the redox reaction during the Li + ion insertion/ extraction process. Figure 5c shows a peak located at 229.1 eV that can be ascribed to Mo 4+ formed after cycles; this peak was not observed in the sample before cycles. Thus, there is a transition from Mo 6+ to Mo 4+ during the discharge/charge process when using the AlMoTe glass sample as the anode. In contrast, the characteristic XPS peak of Mo 4+ was not observed after cycles when using the MT-60 glass sample as the anode (Fig. 6c) , suggesting that in this case Mo was not involved in the redox reaction during the discharge/charge processes. The emergence of Mo 4+ in the AlMoTe anode indicates that the Al 2 O 3 doping created additional channels (here, Mo) to be reacted with the Li so that the electrochemical performance was significantly enhanced. The XPS spectra of Al before and after cycles were quite similar to each other, indicating that the Al 2 O 3 did not participate in the Li storage reaction.
XPS tests of MT-60 glass after 500 cycles were carried out in order to further clarify the functionality of the Al 2 O 3 doping. Figure 6a shows the survey spectrum of the MT-60 glass, indicating that the sample consists of Mo, Te and O elements. Figure 6b shows the XPS spectrum of Te 3d 5/2 , where the peak located at 572.1 eV ascribed to metallic Te is consistent with that observed in the AlMoTe-7 glass anode after cycles. This means that Te is also formed in MT glass while the peak of Mo 4+ cannot be found in Mo 3d 5/2 , which indicate Mo is not participate in the Li storage reaction. By comparison, it is found that Al 2 O 3 doping can activate Mo in MT glass and make them participate in Li storage reaction, thus improving the battery capacity.
EIS is known as one of the most sensitive methods to examine the electrochemical behavior of electrode materials. Figure 7a shows Nyquist plots of the AlMoTe-3, AlMoTe-7 and AlMoTe-12 anodes. The semicircle in the high-frequency region and the inclined line in the low-frequency region in the Nyquist plots are related to the charge transfer resistance (R ct ) and Warburg impedance of the Li + ion diffusion in the electrode materials, respectively. Zsimpwin software has been used to further analyze the dynamic characteristics, and these impedance data (Table II) are fitted to the equivalent circuit parameters. The diffusion coefficient of lithium ions in the electrode material can be calculated by the following equations: 4,5
Here, R is the gas constant, A is the surface area of the electrode, T is the absolute temperature, C is the concentration of lithium ions, F is the Faraday constant, r is the Warburg impedance coefficient which is related to Z re , x is the angular frequency in the low frequency region, and R e and R ct are the liquid resistance and diffusion resistance, respectively. The equivalent circuit parameters and diffusion coefficients before and after the three components cycles were calculated and are summarized in Table II . As shown in Fig. 7a and Table II , the smaller diameter of the semicircle of AlMoTe-7 compared with those of AlMoTe-3 and AlMoTe-12 indicates a smaller contact and R ct , suggesting that AlMoTe-7 has a small electronic resistance. Furthermore, the diffusion coefficient of Li + ions of AlMoTe-7 glass is larger than those of AlMoTe-3 and AlMoTe-12, which suggests a higher Li + ion diffusion mobility in AlMoTe-7, so that its Li + ion storage performance was enhanced. The results suggest that a small amount of Al 2 O 3 doping can properly modify the glass network structure which facilitates Li + insertion/extraction. However, a dense glass network will be formed with a further increase of the Al 2 O 3 content, thus resulting in the decrease of the Li + ion diffusion coefficient. In Fig. 7b and Table II , it can be seen that the AlMoTe-7 always maintains the lowest R ct before and after cycles. Furthermore, the Li + diffusion coefficient increases from 2.12 9 10 À12 to 1.09 9 10 À10 cm 2 S À0.5 after 550 cycles. The reason for this phenomenon is due to the formation of nanocrystals in the amorphous glass network. At the same time, the nanocrystals dispersed in the glass matrix also contribute to the improvement of the Li + diffusion coefficient.
In order to study the charge storage and lithium storage mechanisms of glass electrode materials in LIBs, CV curves were measured at different scanning rates from 0.1 to 0.9 mV s À1 . The CV measurement is an important method to study the electrode process dynamics, electrode surface and internal reaction mechanism. Figure 8 shows the CV curves of three samples (AlMoTe-3, AlMoTe-7, AlMoTe-12) for the second cycles under different current densities ranging from 0.1 to 0.9 mV s À1 . The CV curves (Fig. 8a, c, e ) of the three glass electrodes exhibit similar shapes and peaks, indicating that these samples have the same Li storage mechanism. All anodic and cathodic peak currents increased with the increase of the sweep speed, indicating that these glass anode materials have less polarization at high scan rates. 37 The total stored charge of the electrode in LIBs is considered to arise from three parts: the Faradaic contribution of the diffusion-controlled Li + insertion process, surface diffusion control of the capacitance process of the Faradaic contribution (pseudocapacitance), and the illegal pull-up contribution in the doublelayer effect. By analyzing the current I and sweep v at different scanning rates for these three samples, the characteristics of the capacitive effect are obtained by the Cottrell equation:
where the measured current I obeys the power-law relationship of the sweep rate v, and a and b are adjustable parameters. The logarithmic form of Eq. 5 is thus depicted by the following:
Equation 6 shows that the value of b is determined by the slope of the curve of log I versus log v. 38, 39 There are two distinct conditions for the value of b:
(1) b = 0.5 and (2) b = 1. When b = 0.5, the current response is diffusion control, which is a Faradaictype intercalation process. The case of b = 1 is an ideal capacitance behavior. The value of b existing between 0.8 and 1.0 indicates that current is mainly capacitive. Figure 8b , d, and f shows the linear relationship between the log I and log v of AlMoTe-3, AlMoTe-7 and AlMoTe-12, respectively. It can be seen that the values of b of these three samples are all about 0.5. Thus, the charge storage and lithium storage mechanisms of the AlMoTe glass electrode are controlled by Faraday contributions instead of a capacitive behavior. In other words, the capacity of the glass material as an anode entirely originates from the material itself. The Al 2 O 3 doping has no influence on the charge storage mechanism because there is little difference between the b values compared with pure MT glass. Generally speaking, capacitance behavior is related to the battery capacity, while the Faraday contribution affects the stability of the discharge/charge process. Therefore, the charge storage mechanism based on the Faraday contribution accounts for the observations that the AlMoTe glass electrode materials give rise to a long-term cycling performance.
CONCLUSIONS
In summary, Al 2 O 3 doped in MeO 3 -TeO 2 glasses were prepared by a conventional melt-quenching method and used as anode materials in LIBs. It was found that the incorporation of Al 2 O 3 has a significant influence on the electrochemical properties when such glasses were used as anodes of LIBs, and an optimal doping concentration exists. At a current density of 1 A g À1 , the specific capacity of the battery can reach 290.7 mAh g À1 after 1000 cycles. Even at a higher current density of 5 A g À1 , a capacity of 130.5 mAh g À1 can still be obtained. The relationship between electrochemical performance and glass structure were studied by DSC and XPS. Fig. 8 . CV curves in the voltage range of 0.01-3.0 V at different scanning rates: (a) AlMoTe-3, (c) AlMoTe-7, (e) AlMoTe-12. Log-log plots of peak current versus scan rate for peak 1 and peak 2 and slopes of the fitted lines: (b) AlMoTe-3, (d) AlMoTe-7, (f) AlMoTe-12.
It was found that the Al 2 O 3 doping could improve Li + diffusion coefficient and decrease the chargetransfer resistance by EIS measurement. Thus, a long-term cycling and high capacity could be achieved with the AlMoTe glass electrode materials. This work suggests that proper design of the glass structure has a large impact on the electrochemical performance for LIBs based on glass electrodes.
